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I n t r o d u c t i o n  

The i n t e r a c t i o n  o f  c o a l  and s o l v e n t  t o  form a g e l  i n  t h e  250-350°c 
range  h a s  s i g n i f i c a n t  i m p l i c a t i o n s  i n  t h e  e f f i c i e n c y  o f  s h o r t  resi- 
dence t i m e  or two-stage l i q u e f a c t i o n  p rocesses  and t h e  o p e r a t i o n  of 
p r e h e a t e r s  i n  e x i s t i n g  c o a l  l i q u e f a c t i o n  processes. T h i s  i n t e r a c t i o n  
h a s  been no ted  (1 ,2 )  d u r i n g  t h e  h e a t i n g  o f  coal s l u r r i e s  i n  au toc laves  
where an  a p p a r e n t  "endotherm" appea r s  i n  t h e  t ime- tempera ture  curve-- 
t h e  "endotherm" i s  c u r r e n t l y  b e l i e v e d  t o  be due  t o  a h igh  v i s c o s i t y  
g e l  r educ ing  h e a t  t r a n s f e r  t o  t h e  thermowell  i n  t h e  au toc lave .  Eval- 
u a t i o n  o f  these t r a n s i t i o n s  l e a d s  t o  t h e  fo l lowing  q u a l i t a t i v e  r e s u l t s .  

1. Coal E f f e c t s  - A s  t h e  r e a c t i v i t y  ( t o  benzene s o l u b l e s )  toward 
l i q u e f a c t i o n  of t h e  c o a l  i n c r e a s e s ,  t h e  tempera ture  of 
t h e  t r a n s i t i o n  i n c r e a s e s ;  

- L i g n i t e s  d o  n o t  e x h i b i t  a measurable t r a n s i t i o n .  

2 .  S o l v e n t  - T r a n s i t i o n s  are n o t  no ted  wi th  pure  hydrogen donor 
s o l v e n t s  a s  t e t r a l i n ;  

a b i l i t y  of t h e  s o l v e n t  i n c r e a s e s .  
- Magnitude o f  t h e  t r a n s i t i o n  i n c r e a s e s  as  d i s s o l v i n g  

Work by Cronauer ( 3 )  and Whi tehurs t  ( 4 )  s u g g e s t s  i n i t i a l  s o l v e n t  

T h i s  pape r  summarizes t h e  r e s u l t s  o f  i n i t i a l  exper iments  on coa l -  

coal r e a c t i o n s  which form adduc t s .  

s o l v e n t  i n t e r a c t i o n s .  R e s u l t s  of l o w  tempera ture  (3OOOC) ba tch  
s t u d i e s  are compared t o  r e s u l t s  ob ta ined  from 400-450°C, s h o r t  resi- 
dence t i m e  con t inuous  reactor s t u d i e s .  

Materia 1 s 

Three c o a l s  o f  va ry ing  r e a c t i v i t y  were r e a c t e d  w i t h  pu re  and 
coa l -de r ived  s o l v e n t s ;  a n a l y s e s  are  shown i n  Table  1 (5).  

Table  1. 

I l l i n o i s  #6 
U l t i m a t e  Burning S t a r  

Carbon 71.5 
Hydrogen 4.8 
Ni t rogen  1 . 5  
S u l f u r  3.3 
Ash 10.0 

Analyses o f  Coa l s  and S o l v e n t s  

West V a .  Heavy Creosote  
I r e l a n d  Bruceton D i s t i l l a t e  #4  Cut 

73.0 81.3 89.9 90.8 
5.2 5.3 1 . 6  5.8 
1 .2  1 . 6  1.4 1.1 
4.5 1 . 2  0 . 4  0.4 

10.0 3.7 .05 < .05 

SRC I1 

Three non-coal-derived s o l v e n t s  used were hexadecane, phenanthrene-- 
b o t h  C.P. grade--and t e t r a l i n ,  t e c h n i c a l  grade. 

Table  2 summarized r e s u l t s  of a u t o c l a v e  l i q u e f a c t i o n  s t u d i e s  on 
t h e  t h r e e  c o a l s .  

* This  work suppor t ed  by t h e  U.S. Department of Energy. 
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Table 2 .  Coals  
Autoclave R e s u l t s  (5)  T r a n s i t i o n  Temp. (2) 

Temp % Conv t o  i n  Creosote  O i l ,  
Time (oc) giH S o l  # 4  c u t  (OC) - Coa 1 

I l l i n o i s  # 6  30 430 - 300 

West V i r g i n i a  30 430 64 240 

Bruceton 30 430 4 4  200 

Burning S t a r  

I r e l a n d  Mine 

Experimental  

Two systems were used. The f i r s t  was a g l a s s  system c o n s t r u c t e d  
w i t h  Schlenk a p p a r a t i .  A 1 0 0  m l  f l a s k  was topped wi th  an a d i a b a t i c  
( s i l v e r e d )  r e f l u x  column. A thermocouple was i n s e r t e d  d i r e c t l y  i n t o  
t h e  s l u r r y  and t h e  system was con t inuous ly  f lu shed  wi th  a rgon  a t  1 
atmosphere.  S l u r r i e s  con ta ined  approximate ly  9g c o a l  and 229 s o l v e n t .  
The system was s t i r r e d  wi th  a t e f lon -coa ted  st ir  ba r  i n  t h e  s l u r r y .  
(When h igh  v i s c o s i t i e s  w e r e  reached ,  t h i s  method w a s  i n e f f e c t i v e . )  
T h i s  appa ra tus  w a s  a l s o  employed f o r  h e a t i n g  t h e  d r y  c o a l s  t o  30OoC. 
I n  t h e s e  c a s e s ,  a t h i n  l a y e r  of c o a l  covered t h e  bottom of t h e  f l a s k  
and t h e  thermocouple was i n  d i r e c t  c o n t a c t  w i th  t h e  f l a s k .  

The second system was a fou r - s t age  cont inuous  f low r e a c t o r .  
S l u r r i e s  of 30% coal /70% s o l v e n t  were employed. Procedures  and 
r e s u l t s  a r e  given i n  r e f e r e n c e  6.  

Ana lys i s  

Products  have been analyzed by exhaus t ive  Soxhle t  e x t r a c t i o n  w i t h  
benzene, fol lowed by a THF e x t r a c t i o n  of t h e  benzene i n s o l s  ( 7 )  and a 
s e p a r a t i o n  of benzene s o l s  i n t o  pentane  s o l s  and i n s o l s  ( 7 ) .  Some 
samples were f i l t e r e d  us ing  a p r e s s u r e  f i l t e r  f i t t e d  wi th  #50 Waltman 
f i l t e r  paper.  V i s c o s i t i e s  were measured w i t h  a Brookf ie ld  LVT v isco-  
m e t e r .  

S t a b i l i t y  of Coal and So lven t s  

Experiments on t h e  c o a l  and s o l v e n t  i n d i v i d u a l l y  were c a r r i e d  o u t  
to determine  i f  r e a c t i o n s  observed w e r e  due t o  t h e  i n d i v i d u a l  compo- 
nen t s .  Resu l t s  shown i n  Table  3 i n d i c a t e  no s i g n i f i c a n t  chemica l  
r e a c t i o n  occur s  below 37OoC and h e a t i n g  t o  3OO0C does n o t  r e s u l t  i n  
THF s o l u b i l i t y .  However, s o f t e n i n g  i s  noted i n  t h e  300-330°C range. 

Table  3. Thermal Response of Coals  and Solvent  

Maximum Temperature of Changes i n  
DSC R a t e  of Maximum S o l u b i l i t y  

(Broad W t  Loss Expansion Observed A f t e r  
Coal  Endotherm) TGA by Di la tomet ry  Heat ing t o  3OO0C 

I11 #6 BS % 37OoC % 450°C 3OO0C None 

Bruceton % 37OoC % 450°C 3 3 O°C None 
SRC I1 Boi l ing  Range 290-550°C; no change noted i n  

W. V a .  % 37OoC % 45OoC - None 

Heavy D i s t  h ea t ing  t o  45OoC. 
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Solvent-Coal Studies at Low Pressures 

Results of studies made under inert gas at one atmosphere are 
shown in Table 4 .  

Table 4 .  Low Temperature Liquefaction Results 

Coal 
Solvent Effects 
Bruceton 

Coal Effects 
Bruceton 
W. Va. 
I11 #6 
I11 #6 

Temperature 
Effects 
Bruceton 

Temp 
Solvent OC 

Hexadecane 200 
Tetralin/ 200 
Phenanthrene 
SRC I1 H.D. 200 

SRC I1 200 
260 
300 
300 

Time 
M A  

15 
15 

15 

15 
15 
15 
300 

% Soluble 
Based on MAF Coal 
% Benzene 

0 0 
- 0 . 4  11 

-6.0 25 

-6 25 
-12 22 

- 4  19 
-6 23 

SRC I1 25 0 0 0 
25 15 4 12 
50 15 8 13 
93 15 7 12 
120 15 6 13 
130 15 4 11 
170 15 3 13 
200 15 -6 25 

The data from the low temperature experiments show the following: 
1. Solvent: (a) A non-reactive solvent as hexadecane does not 

dissolve the coal. Tetralin/phenanthrene mix is a good 
hydrogen donor but does not give as large a THF conversion 
as the SRC I1 heavy distillate. 

(b) Increased THF conversion is accompanied by 
increasing solvent loss (benzene solubles) . 

2. Coal: The least reactive coal (Bruceton) toward liquefaction 
at higher temperatures is dissolved more readily at lower 
temperatures. This agrees with the transition tempera- 
tures noted in autoclave heatup curves. 

3.  Temperature: Approximately 13% of the coal can be extracted 
in 15 minutes with THF and this solubility does not 
increase with temperature until the autoclave transition 
temperature is reached; THF solubility increases and 
solvent is lost. 

High viscosity products were noted when the THF solubility 
exceeded 20%; the products contain a high preasphaltene/oil ratio. 
This condition w a s  only observed when the temperatures equaled or 
surpassed temperatures where endotherms had been observed in autoclave 
experiments with the respective coal/solvent systems. 
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Continuous Reactor Data I 

I 1 I 

LIQUID PRODUCT COMPOSITION 
IllY6 (33%) IN SRC U HEAVY DISTILLATE 
2000 psi; 200 MSCF H2/TON COAL 

45vLc 425'C 80 - - 

If the reactions are thermally activated and no significant mechan- 
ism changes occur between 300 and 4OO0C, short time 4OO0C effects should 
be similar to the 15 minute low temperature data just described. 
duct distributions from the reactor runs with Ill. #6 coal, Figure 1, 
show that preasphaltenes are produced at short times, apparently at the 
expense of solvent. 

Pro- 

These distributions result in high viscosities. 

B o a w o v  w v  v v 

PREASPIIALTEWES 
- 

0 1x103 2x10-' 3x10.' 4x10" 5x10-' 6x10" 7x10' 
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\ 

VISCOSITY (measured a t  700 c )  
111 16 (33%) IN SRC II HEAVY DISTILLATE 
Zoo0 psi. H 2  200 MSCF HZ/TON COAL 

L 

i C 

-1 

SPACE- TIME (ht-W/lb SLURRY) 

Figure 1 

Thus, these continuous reactor data, at short reaction times, agree 
qualitatively with the low temperature, batch data. Initial regressive 
reactions have been noted in solvent imbalance during pilot plant short 
residence time preheater studies ( 8 ) .  
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Evaluation of conversion data from the continuous reactor indicate 
the asphaltene concentration in the slurry product is independent of 
temperature and dependent on conversion at short times (benzene con- 
versions of 0-55%). These data (Figure 2 )  suggest a series reaction 
sequence from coal to asphaltenes. 

z - 
VI 
pl 
Y > z 

u 
Y z 

N z 
Y cc 

K 

DATA FROM ILLINOIS P6 RUNS 
PLOTTED LINEARLY 

45OoC 
4 2 5 O C  
4o’)oc 

SLOPE -17 
SLOPE -15 
SLOPE .14 

/ 

0 ILLINOIS P6 a 425°C/SP.C I 1  !!4 

,A- ILLINOIS f 6  a uo’30cISRC I 1  fln 

5 E 7 8 9 13 11 12 13 14 
W/O ASPHALTENE I N  ?!LP 

,*I, . . , . , , , , 

1 2 3  

Figure 2 

Discussion 

Onset of a solvent-coal reaction occurs in the 200-300°C tempera- 
ture range. The temperature and extent of this reaction are dependent 
on the coal and solvent. In this initial reaction, THF soluble pro- 
ducts increase but solvent is lost indicating formation of a THF solu- 
ble, coal-solvent reaction product. This reaction product, defined in 
the preasphaltene or asphalt01 compounds, results in high viscosity 
products--possibly gels. 
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A number of kinetic studies of coal liquefaction (Cronauer) pro- 
cesses made at long reaction times (< 10 min) show the liquefaction 
mechanisms can be represented by parallel reactions of coal to pre- 
asphaltenes, asphaltenes, oils and gases. However, these data show 
coal itself does not undergo thermosolvolysis at temperatures to 3OO0C 
and free radical processes need not be invoked to explain the reactions 
observed in the 200-300°C range. The data do suggest an initial series 
reaction of 

Coal + Solvent -f Preasphaltenes. 
The hydrogen donating capability of the solvent does not appear to be 
critical at this stage, but functional groups that can interact with 
the coal and cause swelling are important. 

COntinUOuS,reaCtOr results, Figure 2 ,  where the preasphaltene Content 
rises along with a solvent loss early in the reaction; subsequent de- 
crease in preasphaltene content is accompanied by an increase in oil 
and asphaltene concentrations. The asphaltene content (and similarly 
the oil) is defined by the benzene conversion at 400, 425, and 45OoC. 
The dependence of asphaltene and oil on conversion and not on tempera- 
ture further suggests that the reaction of coal to preasphaltene goes 
to completion. Product distributions derived from two sources--coal 
and preasphaltene--would almost certainly be dependent upon temperature. 

and possibly type, of coal-solvent interaction changes with tempera- 
ture. Only about 30% THF conversion occurs at low temperatures with 
80-95% conversion occurring over 40OoC. 

Conclusions 

This initial series reaction is also indicated in the short time, 

Preasphaltene chemistry needs further clarification. The extent, 

Coal liquefaction is initiated at 200-300°C by the reaction of 
solvent and coal to form preasphaltenes. The temperature of the reac- 
tion is a function of the coal type and the solvent. This reaction 
product imparts high viscosity to the slurry and its chemistry may 
influence subsequent liquefaction reactions. Understanding of this 
initial reaction is important to evaluate the applicability of advanced, 
two-stage liquefaction processes and could lead to the development of 
new, low temperature and pressure liquefaction schemes. 
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